Effects of plant species richness on stand structure and productivity
Introduction
production and positive complementarity effects in mixtures (Loreau and Hector 2001; Roscher et al. 2005; Spehn et al. 2005; Tilman et al. 2001; van Ruijven and Berendse 2005; Wacker et al. 2008) . Complementarity between species may arise through separation of resource niches, which for example can reduce competition for nutrients (Kahmen et al. 2006; McKane et al. 2002) or light (Anten and Hirose 1999) . Spatial complementarity in resource use can occur if different species occupy different strata in the canopy (Anten and Hirose 1999; Liira et al. 2002; Whittaker and Woodwell 1969) or place their roots at different soil depths (Berendse 1982; Dimitrakopoulos and Schmid 2004; Parrish and Bazzaz 1976; Whittaker and Woodwell 1969) . So far, however, a direct connection between spatial complementarity in resource use and increased mixture yield could rarely be made in the analysis of results from biodiversity experiments. Where the connection could be made, the analysis did indicate that complementarity in above- (Keer and Zedler 2002; Lorentzen et al. 2008; Spehn et al. 2000) or belowground (Dimitrakopoulos and Schmid 2004; Fargione and Tilman 2005) space use probably was responsible for observed biodiversity effects, even though in one study (Wardle and Peltzer 2003) complementarity in belowground space use was not found.
Above ground, complementary space use may mainly involve differential vertical distribution among species of biomass and nitrogen allocated to leaves (Barnes et al. 1990; Charles-Edwards et al. 1987; Field 1983; Hollinger 1989; Schmid and Bazzaz 1994) .
Theoretically, whole-canopy photosynthesis and carbon gain are maximized if leaf mass and leaf nitrogen concentration are high at the top of the canopy and decrease continuously to the bottom (Charles-Edwards et al. 1987; Dejong and Doyle 1985; Egli and Schmid 2000; Field 1983 ; Gutschick and Wiegel 1988; Hirose et al. 1989 ). However, this may lead to conflicts between individuals maximizing their own fitness, such that for an evolutionary stable may lead to different growth and allocation patterns of plants in mixtures as compared with monocultures (Thein et al. 2008; Tremmel and Bazzaz 1993; Wacker et al. 2009 ). Mixtures of species should be able to display a larger range of leaf mass and nitrogen values along the vertical profile, simply because among-species variation in leaf traits is added to the withinspecies variation that would occur in monocultures (Dimitrakopoulos and Schmid 2004; Anten 2005) . Due to a trade-off between plant height and leaf area, taller plants may not be able to grow leaves in lower parts of the canopy and exploit all of the available light (Anten 2005) . This may leave a spatial niche for shorter plants with lower respiratory costs in the lower layers of the canopy. The integration of several species with different growth and allocation patterns might thus enable mixed stands to display a regularly declining gradient of leaf mass and nitrogen from the top to the bottom and thus form an "integrated" canopy with a high carbon gain of the whole stand. Thus, interspecific differences in the allocation pattern and the ability of plants to show plastic responses to different neighboring species may allow a "division of labor" in mixtures which could explain their often observed higher biomass production biodiversity experiments. However, whether and under which circumstances mixtures of species can indeed develop such integrated canopies through complementary allocation of leaf mass and nitrogen along the vertical profile has never been tested experimentally. So far, partitioning of nitrogen and photon flux among species has only been observed in comparative field studies (Hirose and Werger 1994; Hirose and Werger 1995) . Similar arguments can be developed for complementary space use below ground (Dimitrakopoulos and Schmid 2004) . However, here it is even more difficult to study it because the roots of different species can usually not be separated. Furthermore, belowground resources are horizontally less homogeneously distributed then incoming light and may lead not only to vertical but also horizontal segregation in mixtures, as suggested by von Felten and . In a previous study we found that "statistical" complementarity effects among species, calculated by the additive partitioning method (Loreau and Hector 2001) , were indeed larger in soils with horizontally heterogeneous rather than homogeneous nutrient distribution (Wacker et al. 2008) .
In this study we investigated whether positive net biodiversity effects observed in mixtures (Wacker et al. 2008) can be explained by complementary allocation of leaf mass and nitrogen among species above ground our by complementary space use below ground.
Because complementarity among species in mixtures may be particularly important to extract belowground resources which are horizontally heterogeneously distributed (Cardinale et al. 2004; Silvertown 2004) , we used heterogeneous and uniform soil environments in our experiment.
Material and methods

Experimental design
The experiment was carried out in an experimental garden at Agroscope Reckenholz-Tänikon Research Station (ART) in Zurich (Switzerland). The field site had a sandy-loamy soil and was planted with crops in previous years. It was harrowed 3 weeks before sowing of the experiment on 24-25 April 2003.
We used 24 species grouped into four non-overlapping species pools, each containing the three functional groups grasses, herbs and legumes, to establish experimental plant communities of 1, 3 and 6 species (Table S1 ). The 3-species mixtures were obtained by randomly splitting up the six species of each pool into two complementary 3-species communities. Pools 1 and 2 contained early-successional species and pools 3 and 4 contained mid-successional species. However, because of the low number of pools, successional stage was not explicitly included in the statistical analysis of data from this study.
One replicate of each monoculture and two replicates of each mixture were grown in both uniform and heterogeneous soil. This resulted in a total of 96 plots of 1.5 x 2 m arranged in four blocks. The assignment of communities to blocks was done randomly, but with the restriction that the two replicates of a mixture never occurred together in a single block. The sowing density was adjusted for a predicted seedling density of 500 m -2 , a typical value for herbaceous species used in grassland biodiversity experiments (see e.g. Diemer et al. 1997) .
All communities were re-sown on 1 October 2003 with the same amount of seeds as at the start of the experiment to establish mixed cohorts. The experimental plots were regularly weeded to maintain sown diversity and species composition and were completely mown after the harvests.
The heterogeneous environment consisted of a checkerboard-like pattern of four nutrient patches (control, nitrogen addition, phosphor addition and nitrogen plus phosphor addition). The patch size of 0.25 x 0.25 m had been shown to lead to differential biomass production at patch scale in pilot experiments (Eichenberger-Glinz & Schmid, personal data).
The four patch types occurred with the same frequency within a plot. Twice during each growing season the nitrogen patches received an equivalent of 8 g N m -2 , the phosphorus patches an equivalent of 4 g P m -2 , and the nitrogen plus phosphorus patches received both nutrients. The uniform environment was achieved by distributing the same total amount of nitrogen and phosphorus uniformly on the whole plot area. Thus, both environments had an average of 4 g N m -2 and 2 g P m -2 added twice per year. We used granular fertilizers biomass density was calculated for each layer by dividing the biomass of the layer through the volume of the layer (= height × 3.14 × (0.047/2) 2 m). In addition, we calculated the mean biomass height or depth G at the community level for monocultures and mixtures as the mean of the vertical biomass distribution with the following formula: where i is the number of layers, m i is the biomass per layer i, w i is the width of the layer i and h i is the mean height or depth of the layer i from the ground (similar to Spehn et al. (2000) , but corrected for the different layer widths).
To obtain leaf nitrogen concentrations, leaf samples from the four treatment patches per plot were pooled for each layer to one sample. These pooled samples were individually 
Statistical analysis
Above-and belowground biomass, light and nitrogen concentration of the leaves were analyzed with general linear models and summarized in ANOVA tables with sequential sums of squares (Schmid et al. 2002) . The analyses were done at plot level for entire plant stands (also referred to as community level) and at the level of individual species within plots. In the case of monocultures, the two levels coincide. To meet the assumptions of the analysis, light was transformed with the natural logarithm. Within the general linear regression models, the 
Results
Light and LAI measurements
Relative light intensity in monocultures and mixtures decreased more or less exponentially from the top to the bottom of canopies prior to the harvests in June and August (strong linear contrast of height in Table 1 ). The decrease in relative light intensity was strongest in 6-species mixtures and weakest in monocultures (height × diversity interaction and linear × linear contrast in Table 1 ), indicating that mixtures intercepted more light than monocultures.
Before the first harvest, the LAI was not affected by species richness. Three months later, before the second harvest, the LAI increased from monocultures with 3.92 ± 0.27 to 3-species mixtures with 4.64 ± 0.32 to 6-species mixtures with 5.47 ± 0.33 (F 1,18 = 4.48, p = 0.048), indicating that the increased light interception with increasing species richness was due an increase in community leaf area.
Aboveground canopy structure
We found a significant positive relationship between species richness and aboveground In the latter case, biomass profiles were more vertically oriented in mixtures for
Arrhenatherum elatius, Centaurea cyanus, Conyza canadensis, indicating that these species, in response to interspecific competition, could place relatively more biomass higher up in the canopy.
The mean height of aboveground biomass (sum of both harvests) measured for individual species was significantly lower in heterogeneous (22.0 ± 0.5 cm) than in uniform (24 ± 0.6 cm) plots and strongly differed among species (Table 2) . Furthermore, in heterogeneous environment, mean biomass height of individual species was higher in patches with added nitrogen (22.70 ± 0.76 cm) than in patches without added nitrogen (21.26 ± 0.75 cm; significant nutrient term in Table 2 ). Finally, there was significant variation among species in their response to species richness and environmental heterogeneity (significant "diversity × species and environment × species" interactions in Table 2 ).
Nitrogen concentration in the canopy
Leaf nitrogen concentration increased more or less linearly with height (strong linear contrast of height in Table 3 ). The vertical nitrogen profiles of the experimental communities were not affected by species richness (diversity and height × diversity interaction not significant in Table 3 ), but differences between communities were large (community and height × community interaction in Table 3 ). That is, in some cases mixtures (or monocultures) showed a more steadily declining leaf nitrogen concentration from the top to the bottom of the canopy which we called an "integrated" canopy, but in other cases the profiles were more "ragged" or non-declining, i.e. uniform. Legumes had the highest leaf nitrogen concentration (contrast legumes vs. non-legumes: F 1,12 = 28.38, p < 0.001), but no further variation was observed between species within functional groups (Fig. 3) . If legumes were present in a mixture, the nitrogen concentration in grasses and herbs was increased, from 1.595 % to 2.243 % in the grasses and from 2.173 % to 2.550 % in the herbs (contrast for legume presence vs. absence:
Generally, the nitrogen concentration in grasses and herbs was higher in mixtures than in monocultures, whereas in the legumes it was the other way round ( Fig. 4 ; monoculture vs. mixtures × legumes vs. non-legumes: F 1,16 = 5.29, p = 0.035). This suggests that in mixtures grasses and herbs benefited from the presence of legumes.
Leaf nitrogen density in the canopy showed a hump-shaped distribution at all diversity levels (quadratic contrast for height in Table 4 ). The vertical profiles of leaf nitrogen density were significantly affected by species richness, with the maximum being found at a higher position in stands of higher species richness than in monocultures (height quadratic × diversity linear interaction in Table 4 ).
Root space structure
Root biomass at community level was not affected by species richness or environmental heterogeneity. Root biomass density decreased continuously with depth (contrast of depth That is, in mixed stands light extinction was not less homogeneous than in monocultures, but the span of the light extinction gradient was larger than in monocultures. This effect was probably due to an increasing LAI with increasing species richness (Keer and Zedler 2002; Spehn et al. 2000) , even though this effect was less strong, presumably due to larger measurement error for LAI than for light. The increased LAI in mixtures suggests that species used at least somewhat different spatial niches to deploy their leaves. In addition, differences between the two harvests indicated that species also had partly different temporal niches for leaf deployment, for example C-4 grasses could profit at the second harvest from unoccupied space vacated by other species that did not grow back after the first harvest. Spatial and temporal division of labor in leaf deployment may thus be one explanation for the observed positive biodiversity effects on biomass production.
Mean biomass height was similar across the species richness gradient. This differs from results by Spehn et al. (2002) , who found an increase in mean biomass height with species richness, and interpreted this as improved use of aboveground space by more diverse communities. However, biomass height combined a large stem with a small leaf biomass, with the latter mainly being responsible for carbon gain. Indeed, if we analyzed the two components separately, we did find positive effects of species richness on the vertical distribution of leaf biomass density: in mixtures, maximum leaf biomass density was found at a higher canopy position than in monocultures (see Fig. 1 ). The distribution of stem biomass density, which presumably is less relevant for whole-canopy carbon gain, showed no such response. Plant stems have to procure static stability; they may even be less exposed to bending stress in a background of other species than in monoculture (Schmid and Bazzaz 1994) . Because of these different responses to species richness of vertical profiles of stem versus leaf biomass densities, diversity effects on mean biomass height in our experiment were difficult to detect. Nevertheless, the variation in mean biomass height of individual species between nutrient patches in heterogeneous soil environment suggested that species were able to adjust their vertical distribution of total aboveground biomass.
Monsi and Saeki (1953) studied the vertical distribution of leaf and stem biomass in natural plant communities; their Miscanthus sinensis-Sasa nipponica and Phragmites-
Sanguisorba associations showed similar spatial niche separation as we found it in our experimental communities. Anten and Hirose (1999) observed in a tall-grass meadow, that different species exhibited different biomass allocation patterns by using different layers in the canopy. In mixtures, the short species or weak competitors for light would thus be expected to shift leaf biomass allocation to the lower parts of the canopy, since the taller plants can not grow leaves there, because of the trade-off between plant height and leaf area (Anten 2005). In our study, indications for such shifts were found in some species (see e.g. Fig. 3 and Trifolium repens in Fig. S1 ). Hence, in some mixtures, where spatial niche separation of leaf biomass allocation between species was relatively large, we also observed an increased total aboveground biomass productivity compared with monocultures. For example in mixtures of pool 1, where aboveground biomass productivity was always higher than in monocultures, leaf biomass density distribution among species showed spatial niche separation. However, this complementarity distribution of leaf biomass density between species did not increase in the mixtures; it was already present across the monocultures (see Fig. S1 ). Nevertheless, our findings do support the assumption that biodiversity effects may be caused by spatial complementarity in the canopy.
Arrhenatherum elatius, Galium mollugo, Leucanthemum vulgare and Taraxacum officinale in
Vertical nitrogen concentration profiles
We not only wanted to test whether space use in mixtures was optimized by differential allocation among species of leaf area and biomass along the vertical canopy, but also whether mixed canopies would be able to produce a "community-wide" optimized vertical profile of leaf nitrogen concentration. Observed nitrogen profiles in plant stands are often more uniform than profiles calculated to optimize canopy photosynthesis and carbon gain (Schieving et al. 1992) . If individuals and species could "cooperate" to optimize whole-community carbon gain, the vertical profile of leaf nitrogen concentration should regularly decline from the top to the bottom of the canopy with a large negative slope (Egli and Schmid 1991). We called This difference might be due to generally more vertically inclined leaves in the canopy of monocotyledonous species (Monsi and Saeki 1953) . In our experiment, with a much larger range of species, we found no such difference in the slope of the nitrogen distribution between monocotyledonous species (grasses) and dicotyledonous species (herbs and legumes). Such differences between studies of vertical distribution of leaf nitrogen concentration may also be due to the stage at which a stand was analyzed. Thus, Hirose et al. (1989) Mean leaf nitrogen concentration was increased in grasses and herbs by the presence of legumes in a community (see Fig. 4 ), and such facilitative effects of legumes on other functional groups have already been reported earlier (Mulder et al. 2002; Spehn et al. 2002; Temperton et al. 2007) . As a consequence of the increased nitrogen concentration of grasses and herbs in mixtures, the leaf nitrogen concentration in legumes decreased from monocultures to mixtures, except for Trifolium repens, where it remained constant (see Fig.   3 ). The redistribution of nitrogen from legumes to grasses and herbs in mixtures demonstrates that mechanisms to optimize nitrogen distribution in mixtures (against potentially "selfish" individuals or species) do exist. Yet we cannot be sure if in mixtures nitrogen fixed by
Belowground biomass profiles
In contrast to the effects of species richness on light use and aboveground canopy structure, we found no differences between mixtures and monocultures in the distribution of belowground biomass or the mean biomass depth, supporting findings from Wardle and
Peltzer (2003) and Spehn et al. (2005) . The soil heterogeneity treatment had no effect on above-and belowground productivity, the canopy structure or the nitrogen distribution. Although the individual species responded differently to the nutrient treatments by changing their mean biomass height at the patch scale, these small-scale changes were cancelled out at plot level. Furthermore, plant species in the uniform soil treatment might also have been subject to a certain level of small-scale heterogeneity, due to microclimatic differences created by different neighboring species (Anten 2005; Schmid and Bazzaz 1994) .
Conclusion
In conclusion, we found evidence that spatial niche separation can increase productivity in mixtures but that this effect varied considerably among communities with particular species combinations. In some mixed communities, individual species invest in increased height growth compared with monocultures, an effect also observed in biodiversity experiments in Jena, Germany (Thein et al. 2008; Roscher et al., personal data) . This suggests that species in mixed stands may often be less "altruistic" in respect to the partitioning of resources than would be optimal for a high carbon gain of the whole stand. Yet, from an evolutionary perspective, it is not surprising that every genetically distinct individual and even more so every species will evolve towards maximizing its own success relative to its neighbors, even if it is at the cost of reduced efficiency and overall reduced stand productivity (King 1990 ).
Thus, the patterns of biomass and nitrogen distribution among the different species in several of our mixtures rather support earlier findings (Anten 2005) that plants often exhibit nonoptimal behavior for community productivity in the vicinity of neighbors. In those mixtures in which spatial niche separation of leaf biomass or optimized community-wide nitrogen profiles occurred, the species generally showed the corresponding differences already in monoculture.
These mixtures, but also other mixtures, did show positive biodiversity effect in terms of biomass production. Thus, it is conceivable that high-performance mixtures could be Figure S1 . Leaf biomass and nitrogen concentration of species in monoculture and mixtures (pools 1, 2, 4). Vertical profiles of leaf biomass density (steps) and nitrogen concentration (dots) of each species of pool 1, 2, and 4 (species of pool 3 are depicted in Fig. 3 of the main text) in monoculture and in 3-species and 6-species mixtures. Data from June harvest; heterogeneous and uniform soil environments are pooled. The 6 species are arranged in rows such that the first and second three species formed the two different 3-species mixtures. Note that three species in pool 1 and two species in pool 2 did not occur in the harvested area of some mixtures.
